Exosomes are small (50-100 nm in diameter) vesicles secreted from various mammalian cells. Exosomes have been correlated with tumor antigens and anti-tumor immune responses and may represent cancer biomarkers. Herein, we report on the development of an aptamer-based electrochemical biosensor for quantitative detection of exosomes. Aptamers specific to exosome transmembrane protein CD63 were immobilized onto gold electrode surfaces and incorporated into a microfluidic system. Probing strands pre-labeled with redox moieties were hybridized onto aptamer molecules anchored on the electrode surface. In the presence of exosomes these beacons released probing strands with redox reporters causing electrochemical signal to decrease. These biosensors could be used to detect as few as 1 Â 10 6 particles/mL of exosomes, which represents 100-fold decrease in the limit of detection compared to commercial immunoassays relying on anti-CD63 antibodies. Given the importance of exosome-mediated signal transmission among cells, our study may represent an important step towards development of a simple biosensor that detects exosomes without washing or labeling steps in complex media.
Introduction
Membrane vesicle trafficking is carried out via the exosomes, which are small (50-100 nm in diameter) vesicles secreted from various mammalian cells [1, 2] . The biogenesis of exosomes starts from the inward budding of endosome membranes, which generates multivesicular bodies (MVBs) and enclose exosomes inside. The MVBs then fuse with the cellular plasma membrane, resulting in the release and circulation of exosomes in various biofluids [3] . In recent decades, exosome shedding has been correlated with tumor antigens and anti-tumor immune response [4] [5] [6] [7] , and may have value for cancer diagnostics [8] . Moreover, exosomes carry molecular information of the parent cells, which offers a facile approach to observe and analyze the parental tumor cells without the need for biopsy [4] .
Exosomes carry various membrane proteins, which are involved in membrane transport and fusion process, including heat shock proteins (HSPs), integrins, and tetraspanins (CD63, CD81 and CD82) [2] . Cell-surface proteins belonging to tetraspanin family typically contain four hydrophobic domains and are known to form complexes with integrins. CD63, a member of the tetraspanin family and a type III lysosomal membrane protein, is considered a classic marker for exosomes [9, 10] .
The essential first step of current exosome analysis is purification by ultracentrifugation [11, 12] . Afterwards, exosomes may be analyzed using western blot [13] , enzyme-linked immunosorbent assay [14] or flow cytometry [15] . Though robust and effective, these analytical methods are expensive, time-consuming and rely heavily on the sample handling skills. Recently, Im et al. reported a label-free exosome assay utilizing transmission surface plasmon resonance (SPR) through nanohole arrays functionalized with antibodies specific to exosome surface proteins [16] . Zhu et al. reported a mass-sensitive sensor which took advantage of the fact that exosomes are significantly larger than soluble proteins, thus are distinguishable from the biofluids in surface plasmon resonance imaging (SPRi) [17] . The goal of our study was to demonstrate the development of an aptamer-based biosensor for exosome detection.
In recent years, aptamers have emerged as an excellent alternative to antibodies as biorecognition elements in affinity biosensors [18] [19] [20] . Aptamers may be easily engineered to emit signal directly as a function of analyte binding, thus eliminating multiple washing steps associated with typical antibody-based assays. Furthermore, aptamers may be more chemically stable than antibodies and may be synthesized in animal-or cell-free manner. Our lab has a long-standing interest in developing aptamer-based biosensors and has incorporated aptasensors into microfluidic devices to construct miniaturized sensors for the detection of a variety of cell secreted molecules including interferon-c (IFN-c) [21, 22] , tumor necrosis factor-a (TNF-a) [23] and transforming growth factor-b1 (TGF-b1) [24] .
In the present paper, we sought to develop an aptasensor with specificity to CD63 -a transmembrane protein commonly present in exosomes. We determined region of the aptamer responsible for binding to CD63 and designed an antisense strand masking this region. As shown in Fig. 1A , interaction of the aptamer-modified electrode with exosomes carrying CD63 resulted in displacement of the antisense strand and caused redox signal to decrease. Aptamer-functionalized electrodes were miniaturized by photolithography and integrated into microfluidic devices to show exosome detection from a small sample volume. Unlike antibody-based immunoassays, the aptasensor described here did not require handling or processing steps to generate the signal. In addition, to being much simpler than standard immunoassay our aptasensor was much more sensitive, with 100 times lower detection limit compared to commercial CD 63 antibody-based immunoassay.
Materials and methods

Chemicals and reagents
Poly(dimethylsilosane) (PDMS) and silicone elastomer curing agent were purchased from Dow Corning (Midland, MI). Positive photoresist (S1813) and developer solution (MF-319) were purchased from Shipley (Marlborough, MA). Chromium (CR-4S) and gold etchants (Au-5) were bought from Cyantek Corporation (Fremont, CA). 1Â phosphate-buffered saline (PBS) without calcium and magnesium, dimethylformamide (DMF), 6-mercapto-1-hexanol (MCH), triton-X 100, bovine serum albumin (BSA), tris(2-carboxyethyl)phosphine hydrochloride (TCEP), sodium bicarbonate (NaHCO 3 ), collagen (Type I) and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) were bought from SigmaAldrich, USA. Methylene Blue (MB), carboxylic acid and succinimidyl ester (MB-NHS) were from Biosearch Technologies, Inc. (Novato, CA).
The 32 base pair CD63 Aptamer is developed by Base Pair Biotechnologies (cat. #ATW0056, Base Pair Biotechnologies, Pearland, TX), and Thiolated CD63 DNA aptamer with amine modification was synthesized in Integrated DNA Technologies (Coralville, Iowa). It has a loop structure with amine group at 5 0 and thiol functionality at the 3 0 end. The sequence of the aptamer is:
The stock solution (100 lM) was made by dissolving solid-state aptamer in 1Â TE buffer, and then diluted to desired working concentration by HEPES buffer prior to use. The three probe strands are labeled with amine groups at the 5 0 end. And the sequences of the three probe strands are as below:
Surface plasmon resonance analysis of aptamer assembly and CD63 binding
The surface plasmon resonance (SPR) experiments were performed employing a two-channel SPR instrument from BI (Biosensing Instrument, AZ). All experiments were performed in HEPES buffer (10 mM HEPES, 150 mM NaCl) on bare gold chips purchased from BI, and flow rate was maintained constant at 20 lL min À1 . To create a non-fouling surface, a self-assembling monolayer (SAM) composed of polyethylene glycol carboxyl-terminated thiol (Thiol-PEG-COOH) was firstly constructed on top of the gold film, followed by 3 mM mercapto hexanol (MCH) to block the gold surface to prevent nonspecific absorption [25, 26] carboxyl groups. 10 lM NeutrAvidin was subsequently immobilized on the surface via amine-carboxyl group reaction, and the remaining active NHS ester groups on the surface were deactivated or blocked by injection of 1 M Ethanolamine (EA) solution. Subsequently, biotinylated CD63 aptamers were immobilized onto the gold chip and the binding kinetics between the aptamers and recombinant CD63 (10 lg/mL) was characterized. Two aptamer variants, i.e., 3 0 -biotinylated and 5 0 -biotinylated aptamer, were tested to determine the immobilization/modification strategy leading to a higher binding affinity.
Fabrication of gold electrodes
Micropatterned gold electrode arrays were fabricated using a standard photolithography and metal-etching process. The layout was initially designed in AutoCAD and then converted into plastic transparencies by CAD/Art services (Bandon, Oregon). A 150 Å layer of chrome was first sputtered onto glass microscope slides (25 mm Â 75 mm Â 1 mm), followed by a thin (1000 Å) gold film on top. The process was executed in Lance Goddard Associates (Santa Clara, CA). The gold and chrome layers were etched in a sequential order to form a 3-by-4 round-shape electrode array.
The diameter of the electrode is 1000 lM and each electrode was connected via a 20 lM lead to a 3 mm Â 4.5 mm contact pad located on the edge of the glass substrate. Photoresist layer was removed immediately after metal etching.
Surface immobilization of CD63 aptamers
Prior to modification of the electrodes, CD63 aptamer stock solution (100 lM) was reduced in 10 mM TCEP for 1 h to cleave the disulfide bonds. The stock solution was then diluted in HEPES buffer to 1 lM, followed by overnight incubation on the Au electrode surface in the dark. The surface was then rinsed without copious amount of DI water and then went through passivation in 1 mM MCH for 15 min to prevent non-specific absorption of the aptamer strands.
Functionalization and hybridization of the probes
An electroactive redox label, methylene blue (MB), was conjugated to the 3 0 -end of the probes through succinimide ester coupling [27] . 0.3 mg of MB-NHS was added to 50 lL aptamer stock solution (100 lM), which was followed by 20 lL of dimethyl formamide (DMF) and 10 lL of NaCO 3 solution (0.5 M) to adjust the pH to 8.3. The solution was kept at 4°C for 4 h to allow the reaction between NHS and amine group, and then stored at À20°C prior to future use.
Electrochemical characterization of sensor response
Electrochemical signals were measured by square wave voltammetry (SWV) using a potentiostat (CHI842b, CH Instrument, Austin, TX). A three-electrode system was constructed, consisting of a flow-through Ag/AgCl reference electrode inserted at the outlet, a Pt wire counter electrode and a gold working electrode. In each scan, the potential started from À0.5 V and ended at 0 V, with 0.04V step potential, 0.04 V amplitude and frequency of 60 Hz.
Constructing calibration curve and testing specificity
In order to construct a calibration curve for the aptasensor, known concentrations (1 Â 10 6 -10 9 particles/mL) of exosomes suspended in HEPES were infused into the micro-chambers. 
Exosome preparation
HepG2 cells were cultured in RPMI without FBS for 48 h to reach 70% confluence. The supernatant was then collected and filtered using a Steriflip Filter Unit (Merck Millipore) with 220 nm membrane to eliminate cell debris. Subsequently, the filtrate went through another round of purification utilizing an Amicon Ultra 15 mL centrifugal filter with a membrane NMWL of 10 kDa (Merck Millipore). 15 mL of sample was loaded and centrifuged for 30 min (RCF = 4000 g) to concentrate. To rinse out the media, 14 mL PBS was then added to the filter followed by gentle pipetting and centrifugation (RCF = 4000 g, 30 min). ExoQuick-TC exosome precipitation reagent (System Biosciences) was then loaded and incubated overnight at 4°C. The reagent was eventually filtered out after centrifugation (RCF = 1500 g, 30 min) and the concentrated exosomes were re-suspended in PBS. The purity of the isolated exosomes was checked using a Zeta Potential/Particle Sizer (Particle Sizing Systems, Santa Barbara, CA).
Results and discussion
SPR analysis of aptamer functionality in CD63 binding
As the first step, aptamer functionalized surfaces were challenged with recombinant CD63 (rCD63) to study interactions using surface plasmon resonance (SPR). Neutravidin molecules were conjugated onto hydroxyl-terminated alkanethiol (MCH) to minimize the non-specific binding of proteins or exosomes [16, 25, 26] . Sensorgram in Fig. 2A shows binding of aptamer on the surface of avidin-functionalized SPR chip.
Upon aptamer assembly, the surface was challenged by various concentrations of recombinant CD63. A representative SPR signal from 10 lg/mL rCD63 is shown in Fig. 2B . To determine the best immobilization strategy, two aptamer variants were tested with the fixed end at either 3 0 -or 5 0 -terminal of the sequence. Fig. 2B indicates that aptamers immobilized via the 3 0 end show a slight better performance in rCD63 binding affinity, and this strategy was thus employed for all the following assays. To determine the affinity of the aptamer (K D ) to rCD63, the results from three concentrations (0.5 lg/mL, 1 lg/mL and 10 lg/mL) were incorporated into a kinetic (Langmuir 1:1) fitting model. The equilibrium constant of the aptamer immobilized via 3 0 end was found to be
Exosome capture on aptamer-functionalized surfaces
In order to demonstrate effective exosome capture, both functionalized (10 lM CD63 aptamers) and non-functionalized gold electrode surfaces (only MCH passivation) were exposed to a solution containing suspended exosomes at an approximate concentration of 1.07 Â 10 8 particles/mL. After fixation and dehydration process, both surfaces were evaluated by scanning electron microscopy (SEM). Fig. 3A indicates the capture of exosomes on the aptamer-functionalized surface, individually (Fig. 3C ) and in clusters (Fig. 3B) . The size of the vesicles is around 100 nm, which is regarded as one of the standards to distinguish exosomes from other cell-derived vesicles [10] . In contrast, no spherical vesicles were observed on the control surface (Fig. 3D) , which demonstrates that exosomes were only present on surfaces containing CD63 aptamer.
Optimizing the probing strand sequence and quantitative detection of exosomes
While SPR analysis demonstrated good affinity of aptamer for exosomal transmembrane protein CD63, the region of aptamer responsible for protein binding was unknown. To shine light on this matter, we designed three probing strands covering three distinct regions of the CD63 aptamer sequence (Fig. 4A) . All the probes were 10 nucleotide in length with melting temperature (T m ) in HEPES buffer estimated to be 44.1°C, 48.7°C and 31.8°C for probe 1, 2 and 3 respectively. All probing strands carried MB redox at the 5 0 -end. As the first step, the surface density of probes hybridized onto aptamer layer was characterized. The total amount of charge passed (Q, in coulombs) during one scan was calculated by integrating the current with respect to time. The relationship between Q and the MB moiety surface density (C) could be described by the equation of Q = nFAC, in which n is the number of electrons transferred from MB (n = 2), A is the surface area for each electrode (A = 7.85 Â 10 À3 cm 2 ), and F is the Faraday constant [28] . The tenfold higher surface density reported by us here may be explained by the fact that our aptamers were linear whereas those used in the previous study of White et al. were in hairpin configuration. Furthermore, aptamer solution concentration used in our study was 10 times higher compared to concentration used by White et al. (10 lM vs. 1 lM).
The sensing surfaces constructed by probe-aptamer duplexes were then exposed to solution containing suspended exosomes ($1 Â 10 9 particles/mL), and the representative responses for the three probes in the SWV tests are shown in Fig. 4B . In all scenarios, the presence of exosomes has induced displacement of the probing strands, reflected by suppression in current. As seen from Fig. 4B most prominent change in redox current was observed for probe 1 (67.94%), less for probe 2 (48.42%) and least for probe 3 (21.53%). The differences in responses likely pointed to the fact that target-binding nucleotides were localized in the region masked by probe 1. Based on this optimization analysis we chose to probe 1 as an antisense strand used for constructing aptasensors.
Sensitivity and specificity of aptasensor
Once the aptamer duplexes for detection of exosome were optimized and constructed, we sought to determine figures of merit for the aptasensor -its limit of detection and linear range. In these experiments microfluidic devices containing sensing electrodes were challenged with varying concentrations of exosome particles ranging from 1 Â 10 6 particles/mL to 1 Â 10 9 particles/mL. The electrochemical signal was monitored using SWV and was reported in terms of signal suppression defined as (initial peak current -final peak current)/initial peak current. Exosomes were spiked either into pristine buffer (HEPES) or cell culture media containing 10% serum (DMEM). The latter experiment was designed to show that our aptasensor functioned in ''dirty" environment containing high concentration of non-specific proteins. Fig. 5 shows that aptasensors functioned well both in ''clean" (HEPES Buffer) and ''dirty" (DMEM cell culture media containing 10% fetal bovine serum) solutions with lower limit of detection of 1 Â 10 6 particles/ mL and linear range extending two orders of magnitude to 1 Â 10 8 particles/mL. The electrochemical signals were only 10% lower in serum containing DMEM compared to HEPES buffer suggesting that nonspecific proteins had minimal effect on the performance of this biosensor. Importantly, our limit of detection (1 Â 10 6 particles/mL) is 100 times lower than commercial immunoassays relying on anti-CD63 Abs (e.g. immunoassay from Exosome ELISA Kit, System Biosciences) for detection in serum.
Conclusion
This paper describes development of an aptasensor for electrochemical detection of exosomes based on transmembrane protein CD63. After selecting an aptamer with high affinity for CD63, we designed a duplex by masking binding region on the aptamer with redox-labeled antisense strands. When immobilized on gold electrodes and challenged with either CD63 protein or exosomes such . SPR analysis of recombinant CD63 protein binding to aptamer-modified gold surfaces, (A) A thiol-PEG-COOH monolayer was first assembled construct a nonfouling surface on gold, followed by a passivation step using MCH to prevent nonspecific binding. A neutravidin layer was then formed via amine-carboxyl group reaction after the carboxyl group was activated by NHS and EDC. After deactivation of the excess NHS ester groups using ethanolamine, 10 lM CD63 aptamers were eventually immobilized on the gold surface. (B) Binding of 10 lg/mL recombinant CD63 to aptamer-functionalized surface. SPR chips were functionalized with aptamers via 5 0 and 3 0 end respectively. 
